ABSTRACT: Mesoporous binary Al x Ni y and ternary Al x Ni y Fe z Raney-type catalysts were synthesised by a two-step procedure involving two main processes, i.e. (i) mechanical metal alloying and (ii) alkaline aluminium leaching. Pure metallic powders of Al, Ni and Fe (if required) were first mechanically alloyed in an attrition mill and then subjected to KOH leaching to selectively remove part of the aluminium atoms. After a slow drying process, a fine, nanostructured slit-shaped material was obtained. Substrate characterisation involved studies by atomic absorption (AA), X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDXS) in the SEM and nitrogen physisorption. An intermetallic b-or B2-(AlNi) phase with a metastable bcc crystalline structure was formed as a non-equilibrium phase after the metal alloying process. Because of aluminium removal, the b-(AlNi) phase was transformed into the more stable nickel fcc structure. In this work, some important physicochemical properties of binary (Al-Ni) and ternary (Al-Ni-Fe) catalysts, with especial attention to textural properties adduced from nitrogen physisorption, are presented and discussed.
INTRODUCTION
Ever since the introduction of rapid quenching techniques (Klement et al. 1960 ) to obtain metallic glasses, i.e. metal-metalloid amorphous alloyed materials showing a short-range ordering, several materials synthesised in this way have attracted the attention of metallurgists, physicists, engineers and material scientists due to their superior electronic, magnetic, mechanical and chemical properties (Shibata and Matsumoto 1987; Molnar et al. 1989) . The first applications of mechanical alloying (MA) for the preparation of heterogeneous catalysts were reported in the early 1980s (Smith et al. 1980) .
In contrast to fusion methods, MA is a convenient process for generating alloys having a fine microstructure at room temperature; furthermore, the process can be applied for alloying incompatible materials (Benjamin 1992) . Ivanov et al. (1993) reported that after leaching Al atoms from B2-type structures formed from mechanically alloyed Ni and Co aluminates, the metals remained in a metastable bcc structure thus leading to very active Ni and Co Raney-type catalysts.
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In the present work, MA has been applied to obtain Al x Ni y and Al x Ni y Fe z alloys from elementary metallic powder blends. After partial alkaline removal of aluminium, the alloys were characterised and compared with a conventional Raney Ni catalyst (Zeifert et al. 1999 (Zeifert et al. , 2000 . Here, a detailed characterisation of Al x Ni y and Al x Ni y Fe z compounds has been undertaken using data derived from nitrogen sorption experiments, X-ray diffraction (XRD), scanning electron microscopy (SEM), atomic absorption (AA), and energy-dispersive X-ray spectroscopy (EDXS).
EXPERIMENTAL

Catalyst preparation
Binary Al x Ni y and ternary Al x Ni y Fe z substrates were prepared from metal powder mixtures with nominal atomic compositions of Al 65 15 Fe 10 (in atom%). The mixtures were milled in an attrition ball mill (Union Process, model 1-S) equipped with a water-cooled jacket and a 3.8 dm 3 stainless-steel vessel container. Stainless-steel balls (3.2 mm diameter) were used as milling media. The attrition mill was operated for 120 h at 350 rpm under a continuous argon gas flow. The powder charge was 100 g and the ball-to-powder weight ratio was 30:1. A volume of 20 cm 3 methanol was added at the beginning of milling to avoid excessive welding and agglomeration of the powders.
In order to prevent spontaneous ignition before the alloys were recovered from the attrition mill, the as-milled powders were gradually exposed to the laboratory atmosphere so that a slow surface oxidation was carried out in order to passivate the material during subsequent handling operations. The alloyed samples were then treated for 2 h with a 20 wt% KOH aqueous solution held at its boiling point in order to selectively leach away an important amount of the aluminium atoms. These mechanically alloyed and leached powders were again passivated, this time by drying the leached materials at room temperature under a continuous flow of a controlled mixture of oxygen and argon gases. For comparison, a commercial Raney nickel catalyst purchased from Aldrich (Product No. 221678) was included in this study. The only preparation performed on this commercial catalyst consisted of its passivation by exposure to a controlled mixture of oxygen and argon gases after being removed from its original container.
Characterisation techniques
The bulk chemical compositions of the catalysts were determined by atomic absorption spectroscopy (AA) in a Perkin-Elmer 1700 apparatus. The materials were also characterised by scanning electron microscopy (SEM) using a JEOL JSM-6300 apparatus. Local composition was determined in the SEM through an energy-dispersive X-ray spectrometry (SEM-EDXS) probe applied to large areas (i.e. 250 × 300 mm 2 with a penetration between 0.1 and 2 mm depending on the electron energy). X-Ray diffraction (XRD) experiments were carried out in a Siemens D5000 diffractometer using Cu Ka radiation. Nitrogen physisorption studies at 76 K were performed in an automatic Micromeritics ASAP 2100 apparatus.
RESULTS AND DISCUSSION
Chemical composition (AA and EDXS)
The average chemical compositions of alloy samples after Al leaching, together with the composition of a conventional Raney Ni catalyst, are listed in Table 1 . , generated similar diffraction patterns corresponding to the bcc structure of an Ni-Al alloy (B2); some of these spectra are depicted in Figure 1 . The formation of this B2 structure was probably due to the introduction of defects through the MA process since the Ni and Al compositions were out of the range at which this phase arises under equilibrium conditions. Another likely explanation for the existence of this metastable phase would be the phenomenon of stacking fault formation. Thus, the density of stacking faults between the layers of the alloy (B2) phase would increase with Al content. It is known that smaller alloy grains may be obtained at lower temperatures (Szewczak et al. 1999) . Figure 2 depicts the X-ray diffraction patterns of selected alloyed systems after the partial removal of Al atoms via the alkaline leaching process. After such treatment, these catalysts gave XRD patterns which corresponded to an Ni fcc structure. For both binary and ternary catalysts, the crystallographic network of the materials changed from a bcc to an fcc structure after Al removal, in contrast to the results obtained by Ivanov et al. (1993) .
Morphologies of alloyed Al x Ni y and Al x Ni y Fe z catalysts by SEM
SEM observations on the mechanically alloyed Raney Ni catalysts showed, in general, the existence of rather uniform globular micrometric agglomerates distributed in such a way as to conform (from a macroporous point of view) to a corpuscular substrate. Agglomerate sizes ranged from 0.1 mm to 3 mm, thus constituting the porous macrostructure of the materials; the void nanostructure within the agglomerates was inferred from sorption results (see below). In contrast to this macrostructure, conventional Raney Ni catalysts usually exhibit irregularly distributed aggregate micrometric sizes ranging from between 3 mm and 30 mm, i.e. an order of magnitude higher than the alloyed substrates. These morphologies can be seen in Figure 3 where (a) to (e) are related to the as-milled and leached Al-Ni and Al-Ni-Fe catalysts while (f) corresponds to a conventional Raney nickel substrate. Some differences occurred in the shape and size [note the scale lengths in Figure 3 (a)-(f)] of the particles of the MA samples and those of the conventional Raney nickel catalyst. Thus, in the MA substrates, the particles were evidently of much finer and regular sizes as well as being much rounder and uniform in shape. In contrast, the commercial Raney nickel catalyst was composed of considerably larger powder particles.
Nitrogen physisorption studies
The binary Al x Ni y and ternary Al x Ni y Fe z MA catalysts proved to be very suitable substrates for inferring reliable pore-size distribution functions (PSDF) through an analysis of the adsorption branch of the N 2 sorption isotherm (i.e. from the ascending boundary curve, ABC).
Experimental sorption isotherms of these samples (see Figure 4 ) exhibited a close resemblance to the behaviour shown by parallel plate or slit-shaped substrates and thereby provided appreciable characterisation advantages, as will be explained later. In fact, all these substrates gave nitrogen isotherms with very well-defined type H3 hysteresis loops (Sing et al. 1985) . Such isotherms show that there were two main contributions to the adsorption uptake: one arising from the slit-shaped mesopores and the other proceeding from the granular nature of the substrates. The existence of mesopores was established by data obtained over a wide range of relative pressures and accounted for most of the surface area of each specimen as well as for a considerable part of their pore volume. The macropore (granular) contribution was reflected in the asymptotic behaviour of the isotherms at high relative pressures where capillary condensation occurred at grain interstices.
With all these considerations in mind, we now mention some aspects relating to the determination of the PSDF for these alloyed samples. Firstly, it should be mentioned that it has long been known that a proper determination of the PSDF [for example, by the BJH method of Barrett et al. (1951) ] is often spoiled by the occurrence of irreversible phenomena arising during the development of capillary processes in porous media. Only a limited number of pore shapes allow the development of reversible capillary condensation, conical-shaped pores and cylindrical voids closed at one end being two of the most relevant examples. However, pores in real materials are usually very different from these shapes. Secondly, an adsorbent constructed from an arrangement of parallel plates is found not too infrequently and could provide a very interesting specimen for determining the PSDF from the ABC of the sorption isotherm. Adsorbate filling of plates occurs gradually through the development of an adsorbed layer whose thickness t depends on the relative vapour pressure P/P 0 . When the plate width (W) is not too small, a slit-like pore will be completely occupied by condensate when t is ca. W/2, since two layers develop concurrently on opposite walls of the pore. The adsorption uptake on mesoporous parallel-plate substrates would then take place virtually in the absence of any irreversible (sudden) filling processes (Broekhoff and de Boer 1970) such as those which arise, for example, in a cylindrical capillary open at both ends (Everett and Haynes 1972) . In summary, in an array of mesoporous plates, each slit pore will be filled with condensate according to its size and neither assisted nor delayed pore-filling mechanisms (Mayagoitia et al. 1985) would emerge.
A practical way of finding out if an adsorbent can be treated as a plate-like specimen is to construct a t-plot (de Boer et al. 1965), i.e. a graph of volume uptake versus the thickness (t) of the adsorbed layer. If the t-plot shows a deviation from linearity at some P/P 0 value, two cases can arise (Gregg and Sing 1982) : an upward deviation reflects the occurrence of irreversible, abrupt capillary condensation (this happens for example in an array of cylindrical pores open at both ends or in a packing of spherical particles), whilst a downward deviation would point to a case such as a collection of parallel plates. In this latter situation, the pore volume is steadily filled, the available void volume and interfacial liquid (l)-vapour (v) area (A lv ) being exhausted at similar rates. In the present work, t-plots with downward deviations were observed for all five specimens prepared. PSDF(s) could thus be calculated from the ascending boundary branch of the N 2 isotherm according to the following particular scheme implemented for this work (see Figure 5 ):
1. t-Plots were first constructed for all the substrates. At low P/P 0 values, A t [the t-surface area (de Boer et al. 1965) ] was calculated from the slope of the t-plot. For the adsorbents considered here, the A t values were very close to the BET surface areas A BET (see Table 2 ). 2. At some upper critical pressure P/P 0 cr (this value depending on the adsorbent), the t-curve started to bend downwards. The slope of the t-plot (i.e. A lv ) also started decreasing consistently (see Figure 5) . 3. At a particular P/P 0 value (larger than P/P 0 cr ), when the condensate was in the process of gradually occupying the porous volume, the width W of a pore just filled with liquid may be taken as twice the thickness t of the adsorbed layer. At the same time y 0 , the ordinate to the origin of the t-plot, gives the total amount of condensate V (º y 0 ) present in the pores of the adsorbent at this particular moment. In a perfect slit-like porous system, y 0 should always increase asymptotically (with P/P 0 ) towards the total void volume. . Hence, the PSDF of the slit-like adsorbent on either a volume or an area basis can be calculated from plots of PSDF(s) of the various samples, on a volume basis and calculated in the manner described above, are shown in Figure 6 , the thickness of the adsorbed layer being obtained from the HarkinsJura (HJ) equation for N 2 adsorption .
General and particular observations can be made about these PSDF calculations. One general observation is that according to the ideas expressed above, A lv can be calculated reasonably well from the following Kiselev equation (Brunauer et al. 1967) if proper use of the ABC data is undertaken:
where R is the gas constant, T the absolute temperature, s lv the interfacial liquid-vapour tension, dn 1 2 the differential number of moles of condensate that materialise during a differential pressure increase d(P/P 0 ) and n* 2 is the number of moles of adsorbate present at the inception point of the hysteresis loop. Equation (1) is only valid for the case of reversible pore filling (Haynes 1970 ) but because of the absence of any sudden filling along the adsorption branch in the alloyed samples studied, A lv should agree quantitatively with A t and A BET (the BET surface area) if two requirements are satisfied: (i) the moles of condensate are calculated from differences between the y 0 intercepts of the t-plot and (ii) the P/P 0 range over which equation (1) is valid accounts for virtually all the total condensate that can be introduced into the pores. Table 2 lists the pore structure parameters for the different alloyed substrates together with values corresponding to the reference Raney nickel catalyst. The areas A BET , A t and A lv were calculated from the BET equation, the t-plot and the Kiselev equation, respectively. The quantity A meso corresponds to the mesopore contribution to the total surface area and was calculated from the PSDF for each sample. Good agreement is seen to exist between the A BET , A t , A lv and A meso values. Figure 7 shows the surface area contributions (DA) due to pore elements filled at different P/P 0 values for sample Al 65 Ni 35 according to three methods of estimation. These are (i) the t-method employed in this work, (i-) the Kiselev equation via n 1 2 values obtained from y 0 intercepts, and (iii) the Model-less Method (MM) (Brunauer et al. 1967) applied to both parallel plates and cylindrical capillaries. As can be seen from the figure, application of equation (1) in the usual manner (i.e. through MM) led to a deceiving determination of the PSDF in which (i) the pore size range in which pores filled completely with condensate was over-estimated (i.e. biased towards small sizes) and (ii) excessive volume (or area) contributions were unrealistically awarded to the smallest pore sizes. All this was due mainly to improper interfacial area estimations; hence, corrections of the adsorbed volume for thickening (or thinning) of the adsorbed layer were misleading. Therefore, in a system of slit-shaped pores, the key point for the computation of reliable A lv values is to have a never-decreasing and positive (or at least null) y 0 ordinate, since in this way the amount of condensate within the pores can be well established. A negative y 0 value could arise because of sudden, irreversible capillary condensation and when this phenomenon happens, equation (1) is no longer appropriate for determining A lv . Some of the alloyed substrates also showed a contribution to the total uptake due to a macroporous (corpuscular) structure formed by void spaces in between the micrometric substrate grains. Under these circumstances, once the plate-like mesoporous structure was filled with condensate, an adsorbed layer could continue to develop on the outer surface of these grains and some capillary condensation could even occur. Combination between adsorption on the outer surface of the substrate and capillary condensation in between large grains would cause the ABC to become asymptotic towards P/P 0 = 1. Another important observation to take into account is the comparison that can be made between the PSDF(s) obtained through the method outlined above with traditional results. Thus, Figure 8 shows PSDF(s) calculated from the procedure followed in this work and the Model-less Method of Brunauer et al. (1967) /g and 53.8 m 2 /g, respectively, down to this P/P 0 value. Finally, it should be said that for the alloyed samples studied it was not possible to use the above method of constructing PSDF(s) from t-plots for the descending boundary curve (DBC) of the isotherm. Two kinds of hysteresis occur along the DBC: (i) pore hysteresis due to the different geometries assumed by menisci during the adsorption and desorption stages, and (ii) network hysteresis because of pore blocking (thus involving a vapour percolation threshold). In addition, the tensile strength effect (Everett 1967 ) may further thwart any attempt to determine the distribution of pore sizes during condensate emptying of the network. The N 2 sorption isotherms of both specimens displayed narrow hysteresis loops. Electron micrographs showed that these samples exhibited corpuscular macrostructures, i.e. voids of micrometric dimensions existed between solid agglomerates. In turn, mesopores could be attributed to lamellar structures inside crystalline grains. Mesoporosity was quite extensive in both samples although the pore volumes were smaller than those for the other samples studied (apart from the Raney Ni sample). Average width sizes were also lesser than in the other substrates but closer to those of the commercial Raney Ni catalyst. There was no evidence of spontaneous or sudden capillary condensation during most of the N 2 uptake, except perhaps at high relative pressures. There was also some slight indication of a tensile strength effect (i.e. a sudden desorption along the descending boundary curve DBC) occurring at ca. P/P 0 = 0.45. The consequence of having some Fe in the catalyst Al 65 Ni 30 Fe 5 was not very prominent, the structural properties of the two samples being very similar to each other.
Overall substrate assessment
Al 75 Ni 25 and Al 75 Ni 20 Fe 5 catalysts
The electron micrographs of these samples showed a pore macrostructure constructed by an arrangement of aggregates of different sizes. The larger amount of Al in these samples compared to the previous specimens allowed the creation of a more extensive mesoporosity as the pore volumes now became larger and the inner crystal slit-like structure was very well developed. At high relative pressures, the sorption isotherms showed some indication of capillary condensation occurring in the large interstices existing between the granular agglomerates. Finally, the surface areas of the two substrates were the largest of all those measured and also evidence existed of somewhat intense pore blocking or tensile strength effects taking place at ca. P/P 0 = 0.45. 
Conventional Raney Ni catalyst
This well-known catalyst had a somewhat different structure from those of all previous samples.
The macrostructure observed by SEM was also different from those of the alloyed samples. In this case, large crystalline corpuscles existed leading to a smaller surface area and pore volume than those of the heterogeneous Al-Ni and Al-Ni-Fe substrates. The hysteresis loop of the sorption isotherm was not too wide and the structure remained plate-like throughout. Mean pore widths were similar to those in all the other specimens. However, the specific surface areas and pore volumes of mechanically alloyed samples ranged from twice to four-times the area and pore volume of the commercial Raney Ni catalyst. Hence, the abundance of mesoporous entities in this commercial substrate was considerably less than for the alloyed substrates.
CONCLUSIONS
Binary Al-Ni and ternary Al-Ni-Fe alloys have been synthesised by mechanical alloying from pure metallic powders. The intermetallic B2-(AlNi) phase was formed as a non-equilibrium bcc phase and subsequent selective removal of Al by alkaline leaching gave a mesoporous slit-like material with a fine, disperse nanostructure. As a result of such aluminium leaching, the B2-(AlNi) phase was transformed into the more stable nickel fcc structure. These new alloyed catalysts were characterised by a method based on an analysis of t-plots, thereby enabling both the width sizes and volumetric abundances of slit-shaped pores to be established. The alloyed catalysts showed similar particle size distributions to a conventional Raney Ni catalyst obtained by pyrometallurgical methods. However, both their surface areas and pore volumes were significantly larger than the material of reference because of a significantly larger mesopore concentration. Hence, a combination of mechanical alloying and chemical leaching permitted the synthesis of highly mesoporous solids.
In general, it may be stated that mechanical alloying is a process that offers an opportunity for nanostructure control and refinement, and additionally provides materials with a highly homogeneous structure and composition.
